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Summary 
Ocean acidification as projected for the end of the 21st century has the potential to cause 
behavioural alterations in fish with unclear consequences for affected species and ecosystems, 
both in the short and long term. Recent findings indicate that a change in functionality of 
γ-aminobutyric acid receptors type A (GABAA-receptors) in the brain of fish due to acid-base 
regulatory processes may be the mechanism underpinning these behavioural disruptions. So far, 
studies have focused on the effects of CO2 on tropical and temperate species with no 
information about the relevance of these observations for polar species. The role of 
environmental temperature for CO2-induced behavioural changes is largely unknown, but highly 
important, as acidification and warming will occur simultaneously in marine ecosystems. 
In this thesis, behavioural effects of future CO2 conditions, the role of environmental 
temperature and the respective physiological background were analyzed in two cold water 
adapted fish species collected around Svalbard. Atlantic cod, Gadus morhua, is an invasive 
species currently shifting its distribution northward into colder waters where Polar cod, 
Boreogadus saida, is a native key species in the local food web. Shifting predator prey 
interactions and the differing potential of species to acclimate and adapt to future temperature 
and CO2 conditions will shape the future abundance of each species with concomitant impacts 
on the polar ecosystem. In manuscript I it is shown that the behaviour of B. saida is more 
sensitive to future environmental CO2 conditions than the behaviour of G. morhua. 
Nevertheless, the potential for behavioural resilience of G. morhua under high CO2 conditions 
may be dependent on the experienced environmental temperature and greatest under 
optimum temperature conditions. In manuscript II, metabolic changes are illustrated, which 
indicate CO2-dependent energy limitation in the brain of B. saida at 8 °C, but not in G. morhua. 
However, in G. morhua, temperature and CO2-dependent alterations in GABA-metabolism were 
found potentially increasing this species’ behavioural resistance against higher environmental 
CO2 partial pressures. In manuscript III, maintenance of intracellular pH in the brain of acutely 
CO2-exposed B. saida indicating sufficient acid-base regulatory processes is reported. However, 
long-lasting effects of CO2 on blood circulation were also observed with unclear relevance for 
the fitness of this species under expected ocean acidification scenarios. The results of this thesis 
indicate that G. morhua will be more capable to survive in warmer, more acidified waters 
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around Svalbard than B. saida. Furthermore, the potential interplay between behaviour, GABA-
metabolism and acid-base physiology with respect to their contribution to metabolic and 
behavioural resistance against environmental hypercapnia is discussed. 




Für das Ende des 21. Jahrhunderts prognostizierte Ozeanversauerung hat das Potential zu 
Verhaltensänderungen bei Fischen mit unklaren kurz- und langfristigen Konsequenzen für die 
betroffenen Arten und deren Ökosysteme zu führen. Bisher haben sich Studien vor allem auf 
CO2-Effekte bei Spezies aus den Tropen und gemäßigten Breiten fokussiert, allerdings gibt es 
noch keine Erkenntnisse über die Relevanz dieser Beobachtungen für polare Arten. Aktuelle 
Ergebnisse legen nahe, dass eine geänderte Funktionalität der γ-Aminobuttersäure Rezeptoren 
Typ A (GABAA-Rezeptoren) im Gehirn von Fischen durch Mechanismen der Säure-Base 
Regulation für diese Verhaltensänderungen verantwortlich ist. In Bezug auf die CO2-induzierten 
Verhaltensstörungen ist die Rolle der Umgebungstemperatur noch nahezu unbekannt, 
allerdings von eminenter Wichtigkeit, da eine Versauerung mariner Ökosysteme parallel zu 
deren Erwärmung stattfindet. 
In dieser Dissertation wurden die Effekte zukünftiger CO2-Bedingungen und der 
Umgebungstemperatur auf das Verhalten zweier kaltadaptierter Fischarten von Svalbard 
bestimmt und deren physiologische Mechanismen analysiert. Atlantischer Kabeljau, Gadus 
morhua, ist eine invasive Art, welche momentan ihre Verbreitung nordwärts in kältere 
Gewässer ausweitet, in denen der Polardorsch, Boreogadus saida, als native Schlüsselspezies im 
lokalen Nahrungsnetz fungiert. Räuber-Beute Interaktionen und Spezies-spezifisches 
Akklimatisations- und Adaptations-Potential an zukünftige Temperatur- und CO2-Bedingungen 
werden die zukünftige Verbreitung dieser Arten beeinflussen, was auch Konsequenzen für das 
polare Ökosystem erwarten lässt. Die Ergebnisse in Manuskript I zeigen, dass das Verhalten von 
B. saida stärker von Änderungen der CO2-Konzentration in der Umgebung beeinflusst wird als 
das Verhalten von G. morhua. Diese Widerstandsfähigkeit von G. morhua könnte allerdings von 
der jeweils erfahrenen Umgebungstemperatur abhängen und unter optimalen 
Temperaturbedingungen am größten sein. In Manuskript II wird über Zeichen für eine CO2-
abhängige Energielimitation im Metabolismus des Gehirns von B. saida bei 8 °C berichtet, die 
bei G. morhua nicht auftrat. Allerdings wurde in G. morhua eine Temperatur- und CO2-
abhängige Änderung des GABA-Stoffwechsels beobachtet, welche zur Erhöhung der 
Widerstandsfähigkeit des Verhaltens dieser Spezies gegenüber erhöhtem CO2 Partialdruck in der 
Umgebung beitragen könnte. Wie in Manuskript III beschrieben wurde eine Aufrechterhaltung 
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des intrazellulären pH-Werts im Gehirn von akut CO2-exponiertem B. saida detektiert, was auf 
eine ausreichend effektive Säure-Base Regulation im Gehirn hinweist. Allerdings wurden 
zusätzlich auch lang anhaltende Effekte von CO2 auf die Blutzirkulation dieser Spezies 
beobachtet. Diese haben eine bisher ungeklärte Relevanz für die Fitness von B. saida unter 
erwarteten Szenarien der Ozeanversauerung. Die Ergebnisse dieser Dissertation legen nahe, 
dass G. morhua einen Vorteil in wärmeren, saureren Gewässern um Svalbard gegenüber 
B. saida hat. Zusätzlich wird der potentielle Zusammenhang zwischen Verhalten, GABA-
Stoffwechsel und Säure-Base Regulation in Bezug auf ihren Beitrag zur Resilienz von 
Stoffwechsel und Verhalten gegen hyperkapnische Umgebungsbedingungen diskutiert. 
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1.1 Climate change in the marine sub-Arctic and Arctic environment around Svalbard 
Since the beginning of the utilization of fossil fuels during the industrial revolution has the 
human species continuously led to an increase of carbon dioxide (CO2) levels in the earth’s 
atmosphere. CO2 acts as a greenhouse gas leading to a rise of environmental temperature; 
however, around one third of the emitted CO2 gets absorbed by oceans forming carbonic acid, 
causing an overall increase in proton activity and thus reduction of pH, which was termed Ocean 
acidification (OA) (2, 3). The Arctic, which the International Panel on Climate Change (IPCC) 
refers to as those regions above the 66th latitude (4), is expected to experience a 2.2-2.4 fold 
stronger warming until the years 2081-2100, in comparison to 1986-2005, than projected for 
the global average temperature increase, which is known as polar amplification (5). 
Simultaneously, the Arctic Ocean is projected to experience stronger acidification than other 
oceans due to increasing freshwater inflow through precipitation and sea ice loss as well as 
higher air-sea CO2 fluxes (5). The distribution of ectothermic fish species has been shown to be 
mainly driven by environmental temperature and each species possesses a specific temperature 
window which may differ between different development stages (6-9). The temperature 
window of ectothermic species is according to the oxygen- and capacity- limited thermal 
tolerance (OCLTT) hypothesis defined by the individuals` potential to maintain oxygen 
availability in vital organs (10). In addition, environmental drivers such as hypoxia and CO2 
concentration may lead to narrowing of the thermal window (10). The rising temperature in the 
worlds` oceans has been observed to induce a poleward shift of species distributions altering 
the composition and structure of the respective ecosystems (11). The effects of climate change 
on species distributions are also visible around the Svalbard archipelago, the study site chosen 
for this dissertation. Being located between the 74th and 81st Northern latitude, it is surrounded 
by the Arctic Ocean, Barents Sea, Greenland Sea and Norwegian Sea. Currently, the water 
temperature around Svalbard ranges between -1.8 °C and 8 °C, with a temperature increase of 
2.5 °C being projected until the year 2100 according to the Representative Concentration 
Pathway 8.5 (5, 12). Descamps et al. recently reviewed studies on the observable effects of 
climate change on marine and terrestrial species distributions and compositions around 
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Svalbard concluding that several marine bivalve and fish species emerged in the waters around 
the archipelago accompanied by a reduction in abundance of native species with visible effects 
on food webs (13). 
 
1.2 Competition between Polar cod and invasive Atlantic cod 
One of the fish species which is becoming more abundant around Svalbard as the ocean 
temperature rises is the temperate Atlantic cod (Gadus morhua) which has shifted its habitat 
further northwards with continuous warming where it temporarily inhabits the waters around 
Svalbard (13). In this area, the distribution of Atlantic cod overlaps with the distribution of Polar 
cod (Boreogadus saida) with potential for direct and indirect competitive interactions (14). 
While competition of these species for prey is considered to be rather minor, there is an unclear 
potential for predator-prey interaction of G. morhua on B. saida which might negatively affect 
the population size of B. saida (14). As B. saida is recognized as one of the key species in the 
northern polar seas, alteration in habitat and population size may severely change the current 
marine as well as dependent terrestrial trophic networks in the respective ecosystems (13) with 
indirect socioeconomic consequences (15-17). The abundance of G. morhua around Svalbard is 
of direct commercial interest as this species is heavily exploited by fisheries (18). However, the 
fate of these two species in the waters around Svalbard might not only be dependent on 
environmental temperature and direct species interaction. While environmental temperature is 
currently considered to be the main driver for species distribution in the discussion of climate 
change effects on marine ecosystems (9), new research indicates that ocean acidification might 
act as a separate driver on the fitness of fish species, which is further discussed in 1.3. 
 
1.3 Ocean acidification, fish behaviour and the GABAA-receptor model 
Effects of CO2 on marine fauna were originally considered to be small compared to temperature 
effects and mostly relevant for calcifying invertebrate species that are demanding the CO2-
dependent saturation of aragonite in sea water for shell development (19). In contrast, highly 
active ectothermic vertebrate species were considered to be resilient against future CO2 
conditions since their acid-base regulatory processes were shown to be more efficient than in 
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invertebrate species (20). Surprisingly, recent studies suggest that exactly these efficient acid-
base regulatory processes in fish may be disadvantageous under projected CO2 scenarios. In 
2009, Munday et al. demonstrated that exposure of the tropical clownfish Amphiprion percula 
to future CO2 levels for several days leads to behavioural disturbances that can be attributed to 
impairment in the olfactory system without anatomic alteration of the nasal cavity (21), and 
they projected detrimental consequences of elevated CO2-partial pressures (Pco2) for larvae 
settlement and predator-prey interactions. In the subsequent years, a growing body of 
literature confirmed these results and identified that in fish different sensory systems and types 
of behaviour can be affected by an increase of environmental CO2. Furthermore, fish species 
from tropical and temperate environments were screened for CO2-induced behavioural 
impairments. While behavioural alterations in fish are wide spread under increased 
environmental CO2 partial pressure, there are species-specific differences in the severity of 
behavioural vulnerability to CO2 and some temperate species even appear to be resistant to 
changes in environmental CO2 (22-24). In order to explain the behavioural differences observed 
in fish under high CO2 conditions, Nilsson developed a model on how increases of 
environmental CO2 might influence the central nervous system of affected animals (25). The 
model relates to observations on the functionality of γ-aminobutyric acid receptors type A 
(GABAA-receptors) in mammals which depends on intra- and extracellular bicarbonate and 
chloride concentrations. In fish are the concentrations of these ions influenced by the respective 
acid-base regulatory processes which are used in order to maintain intra- and extracellular pH 
values at different environmental Pco2 levels. In the synaptic cleft of neurons, the membrane-
bound GABAA-receptor possesses largely inhibitory function via a GABA-dependent net inflow of 
chloride and bicarbonate ions into the respective neuron. In fish is this net ion current 
dominated by the inflow of chloride into the cell as the GABAA-receptor of teleosts is 
approximately 2.3-3 times more permeable for chloride than for bicarbonate ions (26). This net 
inflow of negatively charged ions into the cell leads to an inhibitory postsynaptic potential which 
causes a lowering of the membrane potential and therefore reduced excitability of the neuron 
through excitatory potentials from other presynaptic neurons. The directionality of the net ion 
flow through the GABAA-receptor is defined through the electrochemical potential Vm inside a 
neuron (Formula 1) (27) and the electrochemical reversal potential EGABA for this receptor 
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(Formula 2) (26). The electrochemical potential reflects differences of ion concentrations and 
their respective electrical charge over a semipermeable membrane and can be calculated 
through the Goldman equation, a generalization of the Nernst equation. R is defined as the 
universal gas constant (8.315 J mol-1 K-1), T being the temperature in Kelvin, F the Faraday 
constant (96,485 Coulombs mol-1), P the permeability coefficient of a respective ion and in 









𝑃𝐾[𝐾+]𝑖 + 𝑃𝑁𝑎[𝑁𝑎+]𝑖 + 𝑃𝐶𝑙[𝐶𝑙−]𝑒
        (1) 
The reversal potential mirrors the ion flux through an ion-channel within the membrane. The 
selectiveness of a respective channel is reflected in the specific permeability coefficient for each 
ion. A reversal potential below Vm results in a hyperpolarizing net anion flux into the cell, a 










        (2) 
In the model of Nilsson (25) it is suggested that EGABA is in fish under current-day CO2 conditions 
well below the neuronal resting potential of -70 mV. However, at least under strongly increased 
CO2 partial pressure, fish are assumed to increase the extracellular and intracellular bicarbonate 
concentration and simultaneously reduce the extracellular chloride concentration at a ratio of 
2:1 to 1:1 (bicarbonate/chloride) in order to avoid acidification of body fluids and it is proposed 
that such a change might also occur under a projected Pco2 of 1,000 µatm (27-29). This shift in 
ion composition may lead to an increase of EGABA above the neuronal resting membrane 
potential, which has recently been verified theoretically by Regan et al. (30) and Tresguerres et 
al. (27). This may cause a net outflow of bicarbonate and chloride out of the cell meaning that 
opening of the GABAA-receptor would result in an excitatory rather than an inhibitory 
postsynaptic potential (Figure 1). It is important to keep in mind that EGABA represents the 
combined reversal potential of chloride and bicarbonate depending on their relative 
permeability through the GABAA-receptor. The equilibrium potential of bicarbonate alone is 
much more positive than the neuronal membrane potential (31). This means that opening of 
the GABAA-receptor even for an inhibitory net ion current still results in an outflow of 
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bicarbonate, but with a stronger simultaneous inflow of chloride generating a net 
hyperpolarizing anion current into the cell (31). This illustrates the importance of the relative 
permeability ratios for chloride and bicarbonate with respect to possible acclimation and 
adaptation processes as discussed later in 3.2. This relationship between the intra- and 
extracellular ionic composition, the permeability of the GABAA-receptors for these ions and 
EGABA is visualized in Figure 2. 
 
Figure 1: A: GABAA-receptor model for an explanation of the neurophysiological basis of hypercapnia-induced 
behavioural changes as published by Nilsson et al. (32) adjusted after Regan et al. (30). Binding of GABA to the 
GABAA-receptor of the postsynaptic neuron leads to a net inflow of negative ions and hyperpolarization under 
normocapnic conditions (left). Under increased CO2 (right), bicarbonate may be accumulated extracellularly in 
exchange for chloride. While bicarbonate accumulates also intracellularly, the intracellular chloride 
concentrations are believed to remain unaltered in hypercapnia intolerant species (30). These changes of extra- 
and intracellular ion concentrations cause an increase of the reversal potential EGABA of the GABAA-receptor with 
subsequent net outflow of chloride and bicarbonate and thus depolarization after binding of GABA. The 
displayed ion concentrations of bicarbonate and chloride represent a hypercapnia-intolerant coral reef fish 
species exchanging extracellular chloride and extracellular bicarbonate in a 1:1 ratio. With an assumed neuronal 
membrane potential of -70 mV, the activated GABAA-receptor acts inhibitory upon an EGABA of < -70 mV and 
excitatory upon an EGABA of > -70 mV. Further information for the calculation of EGABA is provided in the text. Only 
combined net currents of chloride and bicarbonate are shown. Printed with permission of the American 
Physiological Society. 
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Figure 2: Colors depict the reversal potential of the GABAA-receptor (EGABA) in the brain of a hypothetical Atlantic 
cod calculated via Formula 2 in dependence of extra- and intracellular bicarbonate (HCO3e and HCO3i) and 
chloride concentrations (Cle and Cli) as well as the permeability of the GABAA-receptor for bicarbonate relative 
to chloride (PHCO3 / PCl) at temperatures of 12 °C and 3 °C. Only reversal potentials between -87 mV and -60 mV 
are displayed.  
For the calculation of EGABA in Figure 2 A and B, the intracellular bicarbonate concentration was set to 4 mM, 
which was determined by Larsen et al. in the white muscle of Atlantic cod (33). Utilization of the intracellular 
bicarbonate concentration of the white muscle for the calculation of EGABA was conducted, as measurements of 
intracellular bicarbonate in white muscle are suggested to represent the bicarbonate concentration in nervous 
tissue of the same species (26). The intracellular chloride concentration was set to 8 mM equally to Regan et al. 
(30) for the hypercapnia-tolerant Pangasianodon hypophthalmus. The relative permeability of bicarbonate to 
chloride was set to 0.3 similar to Heuer et al. (26) and Regan et al. (30). 
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For the calculation of EGABA in Figure 2 C and D, the extracellular bicarbonate and chloride concentrations were 
derived from Larsen et al. (33), with extracellular bicarbonate being set to 10 mM and extracellular chloride to 
150 mM. The relative permeability of bicarbonate to chloride was set to 0.3 similar to Heuer et al. (26) and 
Regan et al. (30). 
For the calculation of EGABA in Figure 2 E and F, the intracellular chloride concentration was set to 8 mM equally 
to Regan et al. (30). The extracellular bicarbonate and chloride concentrations were derived from Larsen et al. 
(33), with extracellular bicarbonate being set to 10 mM and extracellular chloride to 150 mM. 
The plots were generated with R (Version 1.1442) and the package “fields”. The respective code is listed in the 
Appendix (6.5). 
 
Intuitively, the model of Nilsson elegantly explains the physiological mechanism of behavioural 
effects observed in fish under hypercapnic conditions. However, the GABAA-receptor model has 
only been tested indirectly through treatment of fish under hypercapnic conditions with the 
GABAA-receptor antagonist Gabazine and the GABAA-receptor agonist Muscimol which led 
either to a rapid regeneration of different CO2-impaired types of behaviour (Gabazine, as 
reviewed by Tresguerres et al. (27)) or to a more severe alteration of behaviour under high Pco2 
(Muscimol (34)). Direct measurements of ion-currents under realistic normo- and hypercapnic 
conditions are still missing just as sufficient data on how some fish species are able to keep up 
routine behaviour even under projected high CO2 conditions. First studies indicate that CO2-
dependent changes of the GABA metabolism in the brain of fish may shape an animals` 
vulnerability to future ocean acidification scenarios (this topic is extensively discussed in 3.1). A 
deeper understanding on how some fish species are able to maintain their routine behaviour 
even under high CO2 conditions while other species struggle will be a valuable factor for the 
projection of future climate change scenarios on fish species and their ecosystems. 
Furthermore, the role of the environmental temperature with respect to CO2-induced 
behavioural changes is so far poorly understood and requires further investigation (35, 36). 
Before this thesis was conducted, behavioural studies on CO2-effects on fish focused mostly on 
tropical and some temperature species (32), but no information was available on CO2-induced 
behavioural effects in fish from polar environments. This gap of knowledge is problematic, since 
particularly Arctic fish species, as introduced in 1.1, will experience both more severe ocean 
acidification and ocean warming than fish species from warmer environments (5). 




1.4 Thesis objectives 
This thesis gathered first data on whether projected ocean acidification scenarios have the 
potential to alter the behaviour of fish species from polar environments in a similar way as the 
beahviour of fish species from tropical environments. In addition, the influence of the 
environmental temperature was investigated. Metabolic adjustments that may form the 
physiological basis of resistance to high CO2 conditions, in particular with respect to the GABA-
metabolism, were analyzed. In detail, the aims of this thesis were as follows: 
1. Investigation of the vulnerability of the behaviour of Polar cod (Boreogadus saida) and 
Atlantic cod (Gadus morhua) to projected CO2 conditions and determination whether 
environmental temperature acts as a driver in the severity of this vulnerability 
(Manuscript I). Here it was focused on two types of behaviour, behavioural laterality and 
routine activity. Behavioural laterality i.e. the preference for conductance of specific 
behavioural tasks with one preferred side of the body, is an easy to assess proxy for the 
utilization of the respective specialized brain hemisphere and thus the neuronal 
networks optimized for the conductance of this task. Behavioural laterality has 
frequently been measured in ocean acidification research and has been shown to be 
disrupted by CO2 in some fish species (37, 38). Routine activity levels can be affected by 
a variety of inner states such as hunger or anxiety and were altered as well by CO2 in 
several fish species (36, 39-42). 
2. Subsequent analysis of metabolites involved in GABAergic and serotonergic 
neurotransmitter systems in the brains of B. saida and G. morhua as well as 
quantification of osmolytes and energy metabolites through 1H nuclear magnetic 
resonance (NMR)-spectroscopy and high performance liquid chromatography (HPLC). 
These measurements were performed with the brains of those individuals that 
underwent the prior behavioural testing mentioned above in order to target possible 
regulatory mechanisms in the central nervous system that might increase behavioural 
resilience in fish. A possible mediation of these mechanisms through environmental 
temperature was analyzed (Manuscript II). 
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3. Observation of physiological parameters involved in acid-base regulation in B. saida 
including intracellular pH, ventilation rate and blood velocity, in order to identify 
possible shortcomings in the capacity of this species to cope with increased CO2 
conditions. These investigations were conducted through in vivo magnetic resonance 
imaging (MRI), and in vivo 31P-NMR spectroscopy (Manuscript III).  
 
Figure 3 shows a map of Svalbard with the locations of sampling sites where specimens of 
B. saida and G. morhua were collected. The results obtained as part of this thesis contributed to 
Consortium 4 of Bioacid II, a German framework to investigate effects of ocean acidification on 
biological systems. The data add to other studies investigating interactions between different 
life stages of B. saida and G. morhua under future temperature and CO2 conditions in order to 
project climate change induced ecological changes in the polar seas together with resulting 
socioeconomic challenges. Further information on Consortium 4 and the other consortia of the 
Bioacid project is available under https://www.oceanacidification.de/scientific-programme-
bioacid-ii/?lang=en. 
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Figure 3: Map of Svalbard indicating the sampling sites of Polar cod Boreogadus saida (blue circle) and Atlantic 
cod Gadus morhua (red circles) which were used for this thesis. The map was created using the R-package 
"PlotSvalbard". Geographic material for this map was acquired from the Basemap provided by the Norwegian 























Three manuscripts were written as part of this thesis. Title, publication status and contributions 
to the respective manuscripts are listed below followed by abstracts or prints of each 
manuscript. 
 
2.1 Manuscript outline 
Manuscript I 
Authors:  
Matthias Schmidt, Gabriele Gerlach, Elettra Leo, Kristina Lore Kunz, Steffen Swoboda,  
Hans-Otto Pörtner, Christian Bock, Daniela Storch 
 
Title: 
Impact of ocean warming and acidification on the behaviour of two co-occurring gadid 
species, Boreogadus saida and Gadus morhua, from Svalbard 
 
Status: 




MS, KK, EL, HP, CB and DS designed the study. KK, EL and MS conducted the incubation of the 
animals. MS carried out the experiments. Data analysis was done by MS together with SS with 
participation of DS and GG. MS performed the statistical analysis with contribution of GG. All 
authors contributed to the interpretation of the results. MS wrote the manuscript which was 
drafted by KK, EL, SS, GG, HP, CB, and DS. All authors gave final approval for publication. 
 
  




Authors:   
Matthias Schmidt, Heidrun Sigrid Windisch, Kai-Uwe Ludwichowski, Sean Lando Levin Seegert, 
Hans-Otto Pörtner, Daniela Storch and Christian Bock 
 
Title:  








MS, HP, HW, CB and DS developed the study design. MS conducted the incubation of the 
animals. Brains were sampled by MS and HW. SS conducted the NMR measurements with 
assistance of CB and MS. MS did the HPLC measurements with support of KL. Data analysis and 
statistical evaluation were performed by MS. All authors contributed to the interpretation of the 




Authors:   
Matthias Schmidt, Hans-Otto Pörtner, Daniela Storch and Christian Bock 
 
  




Adjustments of the cardiovascular and acid-base system of Polar cod, Boreogadus saida, under 






MS and CB designed the experiment. MS conducted the incubations and measurements. Data 
analysis and statistical evaluation were performed by MS. All authors contributed to the 
interpretation of the results. MS wrote the manuscript which was subsequently drafted by CB, 
DS and HP. All authors gave final approval for publication.
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Adjustments of the cardiovascular and acid-base system of Polar cod, Boreogadus saida, 
under elevated CO2 - An in vivo magnetic resonance study 
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Polar cod (Boreogadus saida) inhabiting the Arctic Ocean will experience man-made ocean 
acidification in the near future and has been shown to be behaviourally sensitive to a mild 
increase of environmental CO2 which is projected for the end of 21st century. We conducted an 
in vivo MRI study combined with 31P-NMR spectroscopy on B. saida in order to observe the 
effect of an acute mild increase of environmental CO2 (1668 ± 250 µatm) on ventilation 
frequency, vascular blood flow and acid-base status in the head of Polar cod for four days. We 
observed a significant increase of ventilation frequency, which stabilized after one day under 
hypercapnic conditions. Arterial and venous blood flow both decreased significantly with the 
increase of environmental CO2 and were not restored to control values during the observation 
period. A slight reduction of intracellular pH with the onset of high CO2 conditions remained 
insignificant. This study indicates that a rise of environmental CO2 might lead to long lasting 
effects in the cardiovascular system of B. saida, with unclear long-term implications for the 
fitness of this species in a warmer, more acidified future ocean. 
 








Since the beginning of the industrial revolution has a large fraction of anthropogenic emitted 
CO2 been absorbed by the oceans, leading to the formation of carbonic acid and subsequent 
ocean acidification (1). The progressively increasing seaweater CO2 content has been shown to 
elicit behavioural alterations in marine teleost species (2). While observed effects were 
strongest in tropical species, new research found behavioural changes also in Boreogadus saida, 
a cold water adapted species which inhabits the Arctic Ocean (3). It is suggested that 
behavioural alterations are caused by a shift in the electrochemical gradient in GABAergic 
neurons, which arises through accumulation of extra- and intracellular bicarbonate during 
compensation for hypercapnia-induced intra- and extracellular respiratory acidosis (4, 5). In 
teleosts, an acute increase of CO2 partial pressure can affect also other physiological parameters 
involved in acid-base regulation, in oxygen supply through modification of the hemoglobin 
oxygen binding curve as well as in cardiocirculatory performance (6, 7). In this study, we 
investigated to what extent such physiological alterations occur in CO2-sensitive B. saida under a 
mild and acute increase of environmental CO2 using in vivo magnetic resonance imaging 
combined with 31P-NMR spectroscopy. In order to test whether acid-base regulation or 
cardiovascular functioning of B. saida are sensitive to minor increases of environmental CO2, we 
focused on CO2-induced acute changes of breathing rate, arterial and venous blood velocity as 
well as intracellular pH. These variables were analyzed in the experimental animals for three 
subsequent days in order to detect the onset of compensatory processes. 
 
MATERIAL AND METHODS 
Specimen collection and maintenance 
Juvenile specimen of B. saida were caught on a polar night trawl in the inner Kongsfjord (78.97 
N, 12.51 E). They were initially kept in the Tromsø Aquaculture Research Station in Kårvik, 
Norway and were subsequently transported to the Alfred Wegener Institute in Bremerhaven, 
Germany, where they were housed at 5 °C and ambient CO2 before experimentation. Detailed 
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information on specimen collection and housing prior to experimentation has been provided by 
Kunz et al. (8). 
 
Seawater manipulation and carbonate chemistry 
A 4-channel MKS GSV-19 system was used for generation of low and high CO2 partial pressures 
(Pco2) in seawater. Two seawater reservoirs were prepared, one with low (Control Pco2, 252 ± 
100 µatm), and the other with high (1668 ± 250 µatm) CO2 concentration. Control seawater Pco2 
was set slightly below current atmospheric CO2 partial pressure of about 400 µatm in order to 
compensate for a possible minor accumulation of CO2 inside the Perspex chamber in which the 
animal was placed for experimentation. The seawater carbonate chemistry was determined 
three times for each animal: first under control conditions, second directly after the onset of 
high CO2 conditions and third on the last day of the experiments. Carbonate chemistry 
parameters were determined as described in Schmidt et al. (9). Means ± SD of carbonate 
chemistry parameters are available in Table 1 of the electronic supplementary material (ESM). 
 
Animal fixation and experimental setup 
Four juvenile animals were briefly sedated in 200 mg/l Tricaine methanesulfonate (MS222) and 
fixed inside a Perspex chamber (length = 408 mm, inner diameter = 100 mm) with one flattened 
end (180 mm length) for placement of a surface coil (Figure 1). Clamps with two diagonal and 
one horizontal slide were used to restrict animal movement and the fixed animal was placed 
with the head under the flattened end of the chamber. The chamber was closed and a 20 mm 
1H/31P surface coil was fixed to the outside of the chamber above the animals` head and neck. 
The chamber was connected to a low-CO2 seawater circle with a temperature of 3 ± 1 °C and 
was afterwards placed inside the bore of a 4.7 Tesla animal scanner (Biospec 47/40 DBX, Bruker 
BioSpin MRI GmbH, Ettlingen, Germany) containing a gradient system with Imax = 100 A, 
Umax = 160 V and 50 mT/m (BGA 12, Bruker BioSpin GmbH, Ettlingen, Germany). The bore was 
closed on both ends with plastic foam slides to reduce illumination. The water flow through the 
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chamber was set to 300-400 ml/min. Experiments started ~ 24 hours after the animals` 
restriction inside the chamber in order to enable recovery from sedation. 
 
Magnetic resonance imaging and spectroscopy 
The experimental protocol was as follows: After the acclimation period, vascular blood flow, 
intracellular pH and ventilation rate were measured at least three times under control CO2. 
Afterwards, the seaweater supply was switched to high CO2 conditions (Day 1). Measurements 
of vascular blood flow, intracellular pH and ventilation rate were continuously acquired for the 
next three days (Day 2-4) and the experiment was conducted until the end of Day 4. The 
experiment was terminated for one animal on Day 2 and for a second animal in the morning of 
Day 4 for technical reasons. For each animal, the median for each day was calculated for 
vascular blood flow, intracellular pH and ventilation rate. 
 
Ventilation rate 
The ventilation of an animal was determined from coronal Intragate FLASH images of the gills 
with a flip angle of 45°; hermite pulse shape (pulse length: 1.0 ms; pulse width: 5,400 Hz); 
repetition time (TR): 8.0 ms; echo time (TE): 3.1 ms; field of view (FOV) 60x60 mm; slice 
thickness: 2 mm; number of averages (NA): 64; matrix 256x256 pixel; scan duration: 1 minute 
and 7 seconds. 
 
Vascular blood flow 
Prior to quantification of the vascular blood flow, a 2D Angio with 40 slices was performed 
(FC2DAngio) with the following scan parameters: flip angle: 60°; gauss pulse shape (pulse 
length: 1.7 ms); TR: 19.27 ms; TE: 8.1 ms; NA: 2; FOV: 80x60 mm; slice thickness: 1 mm; matrix: 
256x192 pixel; scan duration: 4 minutes and 55 seconds. Afterwards, vascular blood flow was 
determined through velocity mapping. The slice was placed 3 ± 2 mm caudal to formation of the 
single dorsal aorta out of the paired dorsal aortae returning from the respiratory tract. Velocity 
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mapping was conducted via flow compensated FLASH imaging (Flowmap-Velocity mapping) 
using a flip angle of 30°; hermite pulse shape (pulse length: 1.8 ms; pulse width: 3,000 Hz) a 
minimum flow rate of 0.4 cm/s (velocity encoding); TR: 29.52 ms; TE: 11 ms; NA: 8; FOV: 70x70 
mm; slice thickness: 1 mm; matrix: 512x256 pixel; scan duration: 1 minute and 30 seconds. 
Regions of interest (ROIs) were manually placed around the dorsal aorta and caudal vein. The 
mean velocity calculated from each pixel within the ROIs was later used for statistical analysis. 
Figure 2 displays an exemplary anatomical image (Figure 2 A) with the corresponding velocity 
map, showing the ROIs (Figure 2 B). 
 
Intracellular pH 
Intracellular pH was calculated from in vivo 31P-NMR spectra (NSPECT) acquired with a flip angle 
of 60°, Bp 32 pulse shape (pulse length: 200 µs; pulse width: 6,400 Hz); TR: 1.4 s; NA: 800; scan 
duration: 18 minutes and 40 seconds. Intracellular pH was determined through the chemical 
shift difference between phosphocreatine and free phosphate using the formula after Kost (10) 
with buffer values taken from Pörtner (11). As the intracellular concentration of phosphate is 
considered much greater than the extracellular concentration it can be assumed that the 
detected phosphate signal and thus the measured pH represents intracellular conditions (see 
basic physiology considerations; for comparison: plasma phosphate was measured in Tilapia by 
van Waarde et al. (~1.2 mmol/L, (12)) and intracellular phosphate in epithelial cells of brown 
trout by Morgan et al. (~88 mmol/L, (13))). Signal peaks were fitted using an in-house custom 
designed software (CTpv, (14)). 
 
Statistical analysis 
For each animal, the median for each day was calculated for vascular blood flow, intracellular 
pH and ventilation rate. Missing values were filled through mean values of the remaining 
animals in order to enable a subsequent nonparametric Friedman test (α=0.05) for repeated 
measures. Post-hoc analysis was not conducted due to low sample size and thus low statistical 
power.  





An escape response of the animals was visible particularly right after fixation inside the Perspex 
chamber, but diminished during the 24 h pre-experimental period. Nevertheless, some animal 
motion was observed also during the experimental procedure. In order to reduce the influence 
of movement on the results, we excluded those MRI measurements that showed movement 
artifacts from the dataset. Peak locations of creatine phosphate and free phosphate were 
checked and corrected manually. 
The ventilation rate increased on Day 1 after onset of high CO2 conditions (Figure 3, p < 0.01) 
and normalized from Day 2 onwards. Arterial and venous blood flow were both significantly 
dependent on CO2 conditions (Figure 4 A and B respectively, p < 0.01 each) with velocities 
decreasing one to two days after the onset of high CO2 conditions. The decrease of arterial and 
venous blood velocity lasted until the end of incubation. However, the venous blood velocity 
showed a trend for some recovery on Day 4. A non-significant reduction of intracellular pH was 
observed under high CO2-conditions (Figure 5, p = 0.479). 
 
DISCUSSION 
The here presented set-up successfully enabled the simultaneous observation of ventilation 
rate, blood flow and intracellular pH in an in vivo experimental design during manipulation of 
environmental conditions. Velocity-mapping could be conducted reliably despite flow artefacts 
of the surrounding sea water, since these artefacts did not overlap with those vessels chosen for 
the quantification of blood flow. While Intragate is used in human for cardiac visualization and 
beating frequency, the cine movie created by this tool confirmed that Intragate can be used to 
measure the frequency of ventilation in fish. Localization of the acquired 31P-spectra was 
conducted through placement of the surface coil and was verified through reference images. 
Thus, partial volume effects contribute to the detected 31P signal and the observation of 
intracellular pH refers not only to the brain, but also to closely surrounding other tissues. 
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An increase of environmental CO2 leads to a smaller CO2 gradient between the animal and 
surrounding sea water causing a reduced CO2 excretion and thus CO2-accumulation in intra- and 
extracellular compartments where it dissociates into bicarbonate and protons (5). While in this 
study an increase of environmental CO2 did not significantly reduce intracellular pH, this may be 
different, at least on a short term scale, for extracellular pH, as the extracellular compartment 
contains only ~1/5 of effective non-bicarbonate buffer systems of the intracellular compartment 
(15). 
We detected first a rise of the ventilation frequency after onset of environmental hypercapnia, 
but a normalization within one day. In teleosts, the ventilation frequency is mainly dependent 
on the availability of oxygen, however some species also show a higher ventilation frequency 
after increase of environmental CO2 (7). While CO2-induced ventilation leads to rapid reduction 
of the CO2 partial pressure in mammals, such a mechanism is less efficient in aquatic animals, 
since the CO2 gradient between animal and surrounding water is much lower to start with than 
in air breathing animals. Therefore, aquatic animals that regulate their intra- and extracellular 
pH rely strongly on other mechanisms such as active extrusion of protons over gill tissue or 
accumulation of bicarbonate (5). In contrast to mammals which possess central CO2 sensory 
neurons in the medulla oblongata, teleosts exhibit neuroepithelial cells in their gills that enable 
them to detect alterations of CO2 in their environment (16). Atlantic cod (Gadus morhua) display 
a strong aversive behaviour towards water with increased CO2 partial pressure, even during a 
mild increase of environmental CO2 (17). Thus, one might suggest that exposure to high CO2 
conditions might also serve as an aversive stimulus, possibly leading to an increased release of 
catecholamines. However, circulating catecholamines may not directly be involved in the 
regulation of ventilation (18) and might thus only play a minor role in this respect.  
The cardiovascular response to increased environmental CO2 is species-specific. For example, a 
hypercapnia-induced increased sympathetic activity in rainbow trout affects peripheral 
resistance and blood pressure, ventricular stroke volume and heartbeat frequency, either 
directly through sympathetic nerve endings, or indirectly through catecholamines (19, 20). 
Severe hypercapnia of up to 15% CO2 is known to reduce the cardiac output in Gadus morhua 
through a negative inotrope effect of excessive H+ ions (21), which is however unlikely to 
contribute to the results observed in this study, since the onset of the mild hypercapnic 
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conditions did not lead to a significant reduction of intracellular pH. All of those cardiovascular 
parameters mentioned above have the potential to alter the arterial and venous blood flow, 
and the results presented in this study indicate that the circulatory system of B. saida might be 
affected by a mild increase of environmental CO2 even though we were not able to determine 
the exact origin of this observation. Also, whether CO2-induced alterations in the cardiovascular 
system contribute to the behavioural sensitivity of this species to future ocean acidification 
conditions remains to be investigated. Recent physiological studies analyzed the effect of future 
climate change scenarios on behaviour, energy metabolism and aerobic performance of B. saida 
in order to predict the fate of this species in the future polar oceans (3, 8, 22, 23). So far, these 
studies indicate that B. saida will experience impairments in all of these parameters in a 
warmer, more acidified environment that are only incompletely compensated for even after 
several months of exposure period. This short term study indicates that the cardiovascular 
system may be involved in these challenges. Adaptation may occur on multi-generational 
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Figure 1: Perspex chamber for animal fixation throughout experimentation. A: Anterior end with boreholes for 
water inflow and a glass fiber thermometer. B: Flattened end of the fixation chamber on which a 20 mm 1H/31P 
surface coil was placed. The animal was restricted in movement through several clamps with two vertical and 
one horizontal Perspex slides (C, only one clamp demonstrated for clarity means). D: posterior end of the fixation 
chamber with a boreholes for a lateral fixation screw and for water outflow (not visible from this perspective). 
  




Figure 2: Anatomic image (A) and corresponding flow compensated FLASH image (Velocitymap, B) as used for 
quantification of vascular blood flow. Dark grey scales in B indicate flow in caudal direction, bright grey scales in 
anterior direction. 
 
Figure 3: Ventilation rate of Boreogadus saida under environmental (Control, 252 ± 100 µatm CO2) and 
increased CO2 conditions (Day 1-4, 1668 ± 250 µatm CO2). Means ± s.e.m. are depicted. n = 4 for the Control 
and Day 1, n = 3 for Day 2 and Day 3, n = 2 for Day 4. 
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Figure 5: Intracellular pH in cranial tissues of Boreogadus saida under environmental (Control, 252 ± 100 µatm 
CO2) and increased CO2 conditions (Day 1-4, 1668 ± 250 µatm CO2). Means ± s.e.m. are depicted. n = 4 for the 




Figure 4: Arterial (A) and venous (B) blood velocity of Boreogadus saida under environmental (Control, 252 ± 100 
µatm CO2) and increased CO2 conditions (Day 1-4, 1668 ± 250 µatm CO2). Means ± s.e.m. are depicted. n = 4 for the 
Control and Day 1, n = 3 for Day 2 and Day 3, n = 2 for Day 4. 
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3.1 The physiological interplay between CO2, temperature and GABA-metabolism on 
behavioural disturbances in fish 
Manuscript I is the first study which assessed behavioural effects of ocean acidification 
scenarios on fish species in polar environments (43). However, ocean acidification does not 
occur in an isolated manner but simultaneously to ocean warming, and therefore, the effects of 
these two drivers need to be analyzed from an integrative perspective. We detected significant 
effects of CO2 on behavioural laterality and significant effects of temperature on routine activity 
of B. saida, while no such changes were observed in G. morhua (43). The temperature-related 
increase in routine activity of B. saida was interpreted as a symptom for increased energy 
metabolism similar to Nowicki et al. and Munday et al. (36, 40). The CO2-dependent reduction 
of absolute and relative behavioural laterality in B. saida was interpreted as a reduction of 
neuronal functionality, as discussed by Domenici et al. (37). We did not observe interactive 
effects of temperature and CO2 on behavioural laterality and routine activity in B. saida and 
G. morhua; however, in G. morhua, we found under high CO2 conditions a non-significant trend 
for a shift from right to left lateralization at 3, 12 and 16 °C and a trend for a shift from left to 
right lateralization at 8 °C and therefore concluded that an interactive behavioural effect was 
probably missed due to low sample size (43). 
An interaction between CO2 and temperature effects on the behaviour of B. saida and 
G. morhua would not have been surprising given the proposed mechanistic underpinning of the 
CO2-induced behavioural disturbances (refer to 1.3 for further information). The physiological 
consequences of changes in environmental temperature and CO2 partial pressure are 
interrelated as temperature shapes the standard metabolic rate, oxygen demand and 
generation of CO2 in an interplay with the respective species` temperature window making it 
difficult to distinguish between mere CO2 and temperature effects (44, 45). In addition, 
temperature is a direct factor in the calculation of the reversal potential of the GABAA-receptor 
(EGABA, Formula 2) causing a linear reduction of EGABA as temperature rises. Interactive effects of 
temperature and CO2 with respect to foraging and behavioural laterality have already been 
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reported in coral reef fish by Domenici et al. and Nowicki et al. (35, 36) confirming that the 
consequences of environmental CO2 and temperature need to be addressed in combination. 
Overall, Boreogadus saida appeared to be more vulnerable to future CO2-conditions than Gadus 
morhua. This is in line with recent studies by Jutfelt et al., Sundin et al. and Kwan et al. (23, 24, 
46) who also observed behavioural resilience in temperate G. morhua, temperate damselfish 
Chromis punctipinnis and relative behavioural resilience in temperate wrasse Ctenolabrus 
rupestris to increased CO2 partial pressure. Species-specific differences in the severity of CO2 
effects on fish behaviour indicate that some fish might possess the ability to rapidly adapt their 
behavior to future CO2 conditions. Considering that G. morhua frequently forages in hypoxic and 
hypercapnic waters (47), it may sound intuitive that this species is better adapted to these 
challenging conditions. It does, however, not answer the question on how a fish species is 
actually able to overcome such environmental challenges. 
The observation of a possible interaction between temperature and CO2 effects on the 
behavioural laterality in G. morhua becomes relevant in combination with manuscript II, which 
indicated an altered GABA-metabolism in G. morhua under increased environmental CO2 at 8 °C, 
but not at 3, 12 or 16 °C (48). Changes in GABA-metabolism upon CO2-exposure are supported 
by a recent study by Schunter et al. who found an increased transcription rate of several 
proteins involved in the GABA-metabolism in the brain of Acanthochromis polyacanthus during 
acute and long term (within-generation) CO2 exposure indicating an increase of GABAergic 
activity (49). From the current perspective, it is not clear, whether an altered GABA-metabolism 
under increased environmental CO2 may be the cause or rather the consequence of resilience 
against increased environmental CO2. In this thesis, the alteration of the GABA-metabolism was 
in G. morhua especially visible in the treatment group which was discussed to be potentially 
more resistant against environmental hypercapnia and therefore, a beneficial effect through 
elevated GABAergic activity was suggested (43, 48). In contrast, the increased GABAergic 
metabolism observed during CO2 exposure in offspring of both CO2 sensitive and CO2 resistant 
individuals of A. polyacanthus was interpreted by Schunter et al. as a detrimental self-amplifying 
cycle through an overall reduced inhibitory potential under increased CO2 conditions (49). 
Interestingly, the alteration of the GABA-metabolism was not visible in the first-generation 
offspring of A. polyacanthus. 
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But how could an increase of GABAergic activity be beneficial for the CO2-response of 
G. morhua? This question is an important issue, particularly as in Californian rockfish Sebastes 
diploproa, an exposure to high CO2 conditions in combination with the GABAA-receptor agonist 
Muscimol led to a worsening of behavioral CO2-effects (34). It is important to consider that a 
reversed net ion flux through the GABAA-receptor is unlikely absolute. As discussed in 
manuscript II, whether or not a GABA release acts in an inhibitory or excitatory way is 
dependent on the location of the GABAergic synapse as well as the exact time of GABA release 
with respect to former excitatory postsynaptic potentials (48, 50). Furthermore, excitatory 
GABAergic activity may under certain conditions still result in a reduced excitability of the 
postsynaptic neuron through reduction of the membrane resistance, a process termed 
“shunting” (51, 52). Also, neurons by no means possess a resting membrane potential 
between -70 and -80 mV, but can rather switch physiologically between a more polarized 
inactive down-state and a more depolarized up-state, either through intrinsic ion currents or 
associated neuronal networks (27, 53). Whether a GABA release acts in an inhibitory or 
excitatory manner on a postsynaptic neuron would therefore additionally be dependent on the 
exact state of this neuron. These observations indicate that, even under high CO2 conditions, a 
part of the neuronal GABAergic activity may still act inhibitory. Hypothetically, if this fraction of 
remaining neuronal GABAergic activity under high CO2 conditions is large enough, i.e. that the 
majority of GABAergic activity still acts inhibitory, an increase of GABAergic activity may have 
the potential to compensate for some excitatory GABAergic activity. Vice versa, if the majority 
of GABAergic activity acts excitatory under high CO2 conditions, an increase of GABAergic 
activity may even be detrimental and could cause a vicious cycle, as suggested by Schunter et al. 
(49). This hypothesis is speculative, but it may explain the conflicting viewpoints with respect to 
the consequences of increased GABAergic activity (protective or detrimental) in fish under high 
CO2 conditions (48, 49). Adjustments of the utilization of neurotransmitters under certain 
conditions are not uncommon. At least mammals are very well able to modify their neuronal 
GABAergic activity under certain conditions (51). For example, a rise of inhibitory GABAergic 
activity for the generation of a metabolic depression may be an important mechanism for 
neuronal protection against hypoxic events and hypoglycaemia in rodents (54-56), which is 
suggested to reduce energy-demanding excitatory glutamatergic neuronal activity in 
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postsynaptic neurons. As G. morhua commonly experiences hypoxic, hypercapnic conditions 
(47), the assumption that this species possesses a similar potential to regulate GABAergic 
activity may be reasonable. 
From the current perspective, it remains unclear why a CO2-induced altered GABAergic activity 
was observed in G. morhua only at 8 °C, but not at 3, 12 or 16 °C. 8 °C may resemble thermal 
optimum conditions of the studied animals (48) potentially indicating that behavioural resilience 
is greatest at optimum temperature. This may be a hint that an animals` aerobic scope and 
ability to allocate energy to compensatory processes may be an important determinant of the 
potential to withstand high environmental CO2 conditions. In A. polyacanthus, changes of the 
GABAergic metabolism were observed in offspring of both, CO2 sensitive and CO2 resistant 
individuals (49). This indicates that other physiological mechanisms may contribute to the 
potential of fish to cope with future ocean acidification conditions, which will be addressed in 
the following. 
 
3.2 Additional possible acclimation and adaptation processes shaping the resilience of 
fish behaviour to future climate change scenarios 
CO2-dependent adjustments of the GABAergic activity as discussed in 3.1 are only one possible 
mechanism which could increase a species` behavioural resilience against high environmental 
CO2 conditions. In the following, the current state of the literature on possible compensatory 
mechanisms which may act complementary to the in 3.1 discussed adjustment of the GABA 
metabolism will be reviewed. 
Whether a GABAA-receptor acts excitatory or inhibitory is dependent on the membrane 
potential Vm and the reversal potential EGABA. EGABA is defined by the extra- and intracellular 
bicarbonate and chloride concentrations, the permeability coefficients of the GABAA-receptor 
for both of these ions and the environmental temperature (refer to 1.3 for further information) 
(25, 27). Adjustments of the extra- and intracellular ionic composition as well as the 
permeability of the GABAA-receptor for bicarbonate and chloride have the potential to alter 
EGABA and thus to act compensatory to CO2-related behavioural changes. This principle is 
displayed in Figure 2 in section 1.3. Adjustment of the extra- and intracellular chloride and 
bicarbonate concentrations may serve to keep EGABA below a neurons` membrane potential. In 
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summary, mechanisms that lead to an increase of extracellular bicarbonate and chloride 
concentrations, or a decrease of intracellular bicarbonate and chloride have the potential to 
lower EGABA and vice versa (27, 57). The hypothesis that a species-specific potential for the 
regulation of extra- and intracellular bicarbonate and chloride concentrations may be one 
reason why the behaviour of some species happens to be more robust against environmental 
hypercapnia than the behaviour of CO2 sensitive species was recently strengthened by a study 
of Regan et al. (30). The authors state that fish species that have the potential to accumulate 
extracellular bicarbonate in exchange for chloride with a rate of 2:1 would at high CO2 
concentrations possess a lower EGABA than animals that accumulate extracellular bicarbonate in 
exchange for chloride with a rate of 1:1 (30). This relationship is visible in Figure 2 A and B of 
chapter 1.3. Similarly, fish species that accumulate in neurons intracellular bicarbonate in 
exchange for chloride would at high CO2-conditions possess a lower EGABA than species that 
accumulate bicarbonate without such an intracellular reduction of chloride, which is visible in 
Figure 2 C and D of chapter 1.3 (30). Regan et al. argue that such ion-regulatory mechanisms 
may on the one hand be helpful in order to cope with high CO2 conditions, but that such 
adaptations may on the other hand lead to an increase of EGABA and thus excitatory GABAA-
receptor activity at low CO2 concentrations (30). This hypothesis was subsequently verified 
theoretically and experimentally for the CO2-tolerant freshwater species Pangasianodon 
hypophthalmus indicating that an adjustment of extracellular and intracellular chloride and 
bicarbonate concentrations may indeed serve as an adaptation mechanism to high 
environmental CO2. Whether these results are transferable to marine fish species remains to be 
investigated. It is important to notice that the proposed transporters involved in the 
extracellular accumulation of bicarbonate in exchange for chloride at projected CO2 increases 
are not yet identified (27). Further, actual measurements of the activity of neuronal 
transporters which are suggested to be relevant for regulation of EGABA in the brain of fish 
have not been conducted to date and have so far only been studied in mammals (58). These 
transporters include the Na+/K+/Cl- cotransporter (NKCC1), the K+/Cl- cotransporter KCC2 
(KCC2), the Na+/HCO3- cotransporter (NBC), the Na+ dependent Cl-/HCO3- transporters (NCBT), 
and the Cl-/HCO3- antiporters (AE3) with the latter two exchanging bicarbonate with chloride at 
a ratio of 2:1 and 1:1 respectively (31, 59). At least for KCC2, a CO2 related change on 
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transcription level has been recorded in the brain of spiny damselfish Acanthochromis 
polyacanthus, which may serve a reduction of intracellular chloride and thus also a reduction of 
EGABA (49). In mammals, the activity of KCC2, which transports chloride from the cytoplasm into 
the extracellular space, relative to the activity of NKCC1, which transports chloride ions into the 
cytoplasm of neurons, is relevant for the adjustment of EGABA (52). Changes in the relative 
activity of KCC2 and NKCC1 determine that GABAA-receptors may be excitatory during 
embryonic development and in neonatals, but inhibitory during delivery and from early 
childhood on (31, 56). Contrary to A. polyacanthus did the three-spined stickleback Gasterosteus 
aculeatus not exhibit a CO2 related alteration in the expression of KCC2 or NKCC1 in the brain 
(58). Interesting in this respect are recent findings that G. aculeatus displays disrupted 
behavioural patterns in response to increased environmental CO2 despite its resistance against 
other environmental stressors (38). As in A. polyacanthus an increase of KCC2 was observed 
during acute CO2 exposure in offspring of both CO2 sensitive and resistant animals, the 
compensatory KCC2 increase alone may in this species not be sufficient to prevent a detrimental 
increase of EGABA (49). 
Current behavioural studies indicate that marine eurythermal species may be more resilient 
against future CO2 conditions than stenothermal species (23, 24, 46). This is in line with the 
hypothesis of Regan et al. that the behavioural resilience may be dependent of an animals` acid 
base regulatory system (30) as eurythermal animals rely on more active mechanisms for 
intracellular pH regulation than stenothermal animals in order to maintain protein functioning 
at different temperature regimes (60). In any case, acid–base regulatory mechanisms in neurons 
would necessarily occur in both, CO2-sensitive and CO2 insensitive species, since neuronal 
glutamatergic and GABAergic activity both lead to a reduction of intracellular pH, which was 
reviewed by Chesler et al. and Ruffin et al. (31, 59): In the case of glutamate-dependent 
intracellular acidification, activation of excitatory glutamate receptors causes an increase of 
intracellular Ca2+ though activation of postsynaptic ionotropic Ca2+-permeable NMDA-receptors 
or postsynaptic metabotropic Gq-coupled glutamate receptors. The intracellular Ca2+ is 
subsequently transported out of the cell through Ca2+/H+ antiporters leading to a reduction of 
intracellular pH. Furthermore, an increase of glucose catabolism upon excitatory stimuli with a 
concomitant rise of intracellular lactate and CO2 might add to the intracellular acidification. In 
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contrast, the intracellular acid shift after GABAA-receptor activity of neurons is caused by the 
conductivity of this receptor for bicarbonate. As discussed in 1.3 does the activation of the 
GABAA-receptor lead to an outflow of intracellular bicarbonate simultaneously to the inflow of 
chloride resulting in a reduction of intracellular bases and thus a lowering of pHi. Such changes 
of the intracellular pH need to be regenerated in both, CO2-sensitive and CO2-resilient fish 
species in order to maintain neuronal functionality (59). In manuscript III, we did not find a 
significant reduction of pHi in the head of B. saida upon onset of hypercapnic conditions of 
1,700 µatm CO2 indicating that also those fish species with a behaviour sensitive to CO2 possess 
acid-base regulatory mechanisms in the brain. Recent observations made by Heuer et al. also 
suggest the regulation of intracellular pH in the brain of CO2-sensitive fish species as they even 
measured overcompensation of pHi in the brain of the CO2-sensitive spiny damselfish 
A. polyacanthus in response to a rise of environmental CO2 to ~1,900 µatm (57). So far, studies 
that specifically analyze differences in the acid-base regulatory system of CO2-sensitive and CO2-
resilient fish species are still lacking and would have to be addressed in future research. 
Apart from ion- and acid-base regulatory systems, several other mechanisms have been 
identified which may shape an animals` potential to acclimate or adapt to future CO2-scenarios. 
One of these mechanisms may occur on the basis of composition of the GABAA-receptor, which 
consists of 5 subunits, with so far 19 known different homologous subunit types (27). Altered 
subunit composition affects not only pharmacological properties, but also channel kinetics and 
the permeability for bicarbonate and thus EGABA. Differences in the composition of the GABAA-
receptor are plausible, particularly since the GABAA-receptor inhibitor Gabazine does not 
restore CO2-impaired behaviour equally in all species investigated (27). A CO2-dependent 
expression GABAA-receptor subunits has been observed in G. aculeatus and A. polyacanthus 
suggesting that adjustment of the composition of the GABAA-receptor may be relevant at least 
for intragenerational acclimation to high CO2 conditions (49, 58).  
So far, research on CO2-effects on fish behaviour has focused solely on the functionality of the 
GABAA-receptor. However, all considerations discussed above, i.e. intra- and extracelluar ion 
concentrations, permeability coefficients and reversal potentials, also apply to the glycine 
receptor, which is permeable to chloride and bicarbonate, like the GABAA-receptor (27). In the 
central nervous system, activity of the ligand mediated glycine receptor causes an inhibitory 
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postsynaptic potential through net inward current of bicarbonate and chloride into the 
postsynaptic neuron, which could be reversed under high CO2 conditions (27, 61). Recent work 
on A. polyacanthus support the potential role of glycine for acclimation and adaptation 
processes to CO2 related behavioural changes (62). Schunter et al. found that if offspring of CO2 
resistant individuals of A. polyacanthus were exposed to high CO2 conditions, they expressed 
the glycine neurotransmitter transporter protein (Sc6A5) at a significantly higher level 
compared to CO2-exposed offspring of CO2-sensitive animals of this species (62). 
Another relevant aspect for CO2 acclimation and adaptation emerged with a recent study by 
Ferrari et al. who detected that animals under high predation risk exhibit less CO2-impaired 
behaviour than those animals with low predation risk, indicating that some impairments may be 
compensated for by the use of other sensory modalities as suggested by Regan et al., too (30, 
63). In addition, recent manuscripts of Lai et al. and Schunter et al. discuss neuronal 
restructuring as a potential acclimation mechanism as these authors found a CO2-dependent 
species-specific response in the expression of genes involved in neurogenesis (49, 64). However, 
the three species investigated all display disrupted behaviour under increased CO2 conditions 
and it can thus be assumed, that, if neurogenesis serves as a coping mechanism, it only provides 
insufficient protection. 
Schunter et al. further found adjustments in the circadian rhythm and melatonin production to 
be a driver of behavioural resilience (62) and the authors suggest that these traits link to 
adjustments in acid-base regulation. However, the exact mechanistic background of this 
observation remains obscure. 
All aspects discussed above have the potential to be involved in the physiological basis of 
acclimation to an acute CO2 increase if the required genetic preconditions exist in the affected 
individuals. Studies that analyzed CO2-induced behavioural disruptions after long term CO2 
exposure indicate that such potential for acclimation may be limited (43). Transgenerational 
acclimation and adaptation processes might create the physiological background needed to 
increase behavioural resilience to elevated CO2. So far, only few multigenerational studies on 
this issue have been conducted with partially conflicting results. While current work indicates 
that detrimental effects of CO2 on metabolic rate, growth and survival of fish might be 
compensated for within a few generations (65, 66), the picture might look different with respect 
Discussion   63 
 
 
to CO2-induced behavioural effects. Welch et al. report no intergenerational potential of 
A. polyacanthus to restore CO2-impaired behaviour (67) and Munday et al. observed CO2-
induced behavioural disruptions in wild coral reef fish near natural CO2 vents and 
consequently concluded that fish may yield only low potential for intergenerational 
adaptation to high CO2 conditions (41). Additional findings by Welch et al. may further 
complicate this picture as they observed in A. polyacanthus a heritable variability of resistance 
to acute CO2-induced behavioural changes (68) which was no longer visible when the animals 
were chronically exposed to high CO2 conditions. In contrast, Allan et al. found that some 
types of CO2-impaired behaviour of the anemone fish Amphiprion melanopus can become 
partially or even fully restored over one generation indicating at least some potential for 
paternal or intergenerational acclimation mechanisms (69). Furthermore, Regan et al. argue 
that thriving fish populations can be found in hypercapnic tropical freshwater habitats and their 
findings on P. hypophthalmus indicate that fish might be very well able to adapt their behaviour 
to high CO2 conditions, if the needed gene variants exist in the respective populations (30). 
However, the authors also question whether the potential for intergenerational acclimation and 
adaptation might be sufficient to keep up with the current pace of acidification (30). 
Multigenerational studies were conducted so far only over one generation and therefore mostly 
account for paternal and epigenetic effects. Thus, it is not known yet, whether the benefits of 
transgenerational acclimation processes can persist for several following generations (70). 
Nevertheless, mechanisms for transgenerational acclimation create phenotypic variation 
between generations and therefore possess the potential to shift the mean phenotype in a 
population and in this way alter the speed of selection and multigenerational adaptation (70). 
As cold water adapted species display relatively slow growth and extended generation time, 
studies on the adaptive potential of tropical stenothermal reef fishes with shorter generation 
times may provide the most applicable reference available. This discrepancy of generation times 
must be kept in mind when discussing the adaptive potential of different teleosts to future CO2 
conditions i.e. that the adaptive potential of cold water species might be significantly lower than 
the adaptive potential of their tropical counterparts. Possibly the most integrated data on the 
potential for acclimation and adaptation of fish species to hypercapnia can be drawn from the 
fossil record and palaeo- high CO2 events (71), when fish adapted efficiently to high CO2 
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conditions (72, 73). However, actual ocean acidification occurs at a rate about 10 times faster 
than any event within at least the last 65 million years and will probably exceed the adaptive 
potential of many sensitive species, especially of those with long generation times (26, 74). 
 
3.3 Ecosystem implications 
Many of the observed behavioural and sensory patterns disrupted by environmental CO2 are 
directly or indirectly involved in predator avoidance, and thus link to potential changes in 
predator prey interactions. Such changes bear the potential to propagate throughout 
ecosystems as CO2 has been observed to affect the behaviour of both prey and predatory fish 
species (75), including invertebrates (76, 77) and elasmobranchs (78, 79) altering predation 
rates and prey preference (80). In contrast to these considerations Ferrari et al. found in a 
recent study that impaired behaviours or senses may be compensated for through increased 
utilization of other senses (63) potentially reducing the actual effect of impaired behaviour at 
ecosystem level. Interestingly, Munday et al. reported, that fish communities at CO2 vents were 
nearly identical to fish communities in nearby control reefs despite the innate behavioural 
sensibility of these fish species to environmental CO2 (41). However, this does not necessarily 
mean that ecosystem structures remain unaffected by the rise in environmental CO2 since this 
observation might have also been caused by a continuous replenishment of fish from 
surrounding low-CO2 areas (41). Recently, Nagelkerken et al. showed that CO2-altered 
behavioural patterns indeed have the potential to affect fish populations leading to a reduction 
of biodiversity and a homogenization of the species composition (81). However, additional 
effects of warming will further change this picture since recent work indicates that temperature 
may be much more potent driver for the mediation of predator-prey interactions than 
environmental CO2 with CO2-effects being slightly additive to temperature effects (82). 
However, a generalization of the combined effects of temperature and CO2 was challenging with 
complex interaction patterns of temperature and CO2 demonstrating the difficulty of the 
prediction of combined future temperature and CO2 changes in the marine ecosystems (82). 
In the assessment of how G. morhua and B. saida will strive in the waters around Svalbard in a 
warmer and more acidified ocean, our findings indicate that G. morhua is more prepared to face 
higher temperatures and CO2 conditions than B. saida (43, 48). Adding to findings by Leo et al., 
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Kunz et al. and the current observation of the northward shift of fish species (6, 83, 84), it 
appears likely, that G. morhua will continuously inhabit the areas around Svalbard with B. saida 
shifting its distribution patterns into more northern, colder waters with sea ice coverage, 
leading to concomitant challenges for dependent species and the ecosystems of the northern 
polar seas. These suggestions are supported by a recent integrative model by Koenigstein et al. 
which predicts that G. morhua will successfully populate the Barents Sea within the first half of 
the 21st century, but with the current speed of warming and acidification, the combined 
physiological consequences of temperature and CO2 may even exceed this species` potential for 
adaptation in the long term (85). 
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4. Conclusions and future perspectives 
This thesis provides evidence that the behaviour of Boreogadus saida may be more sensitive to 
environmental hypercapnia compared to the behaviour of Gadus morhua which adds to the 
emerging body of literature that B. saida will indeed fare poorly under future climate change 
scenarios. Furthermore, it was found that an adjustment of the GABA metabolism may be 
inolved in the physiological mechanisms to achieve resistance of the nervous system and thus 
resistance of the behaviour to high CO2 conditions. 
Related to the results obtained in this thesis, four approaches might be particularly promising in 
order to understand the overarching principles of CO2-induced behavioural disruptions. First, in 
order to test the role of acid-base regulation for the sensitivity to environmental CO2, it is 
mandatory to determine the actual intra- and extracellular chloride and bicarbonate 
concentrations in exemplary neurons of CO2-sensitve and CO2-resistant fish species under 
different CO2-conditions. Such measurements could, for example, be conducted through 
utilization of ion-sensitive microelectrodes for the determination of extra- and intracellular 
chloride concentrations (86) together with pH and carboselective microelectrodes for the 
determination of extra- and intracellular bicarbonate concentrations (87, 88). In addition, Patch 
clamp techniques may be used in order to estimate actual permeability coefficients of the 
GABAA-receptor in the brain of fish (27). Based on these data, CO2-dependent shifts of the 
reversal potential of the GABAA-receptors could be calculated under realistic conditions. 
Second, more clarification with respect to the regulation of the extra- and intracellular 
bicarbonate and chloride concentrations is needed. The abundance of the NKCC1, KCC2, NBC, 
NCBT and AE3 should be tested immunohistochemically in the brain of CO2-sensitive and CO2-
resistant fish species. Third, in this study it was proposed that an increase in GABAergic activity 
may in Atlantic cod (Gadus morhua) be a mechanism for resistance against high environmental 
CO2-conditions, potentially in a temperature dependent manner. This hypothesis could be 
tested through behavioural analysis of Atlantic cod during exposure to control and high CO2-
conditions at different temperature regimes in addition to the GABAA-receptor agonist 
Muscimol or the GABAA-receptor antagonist Gabazine. If the resilience of G. morhua is caused 
by an increase of the GABAergic activity in a temperature-dependent manner, addition of 
Muscimol to fish exposed to high CO2 conditions may lead to detrimental behavior at 
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temperatures above or below the optimum temperature. At the optimum temperature, the 
behaviour should not be impaired through elevated environmental CO2 in addition to Muscimol. 
Vice versa, addition of Gabazine to fish exposed to high CO2 conditions may cause behavioural 
disturbances at optimum temperature conditions but not at temperatures above or below. 
Fourth, the question remains whether fish may possess the ability to adapt to high CO2 
conditions. Incubation of CO2-sensitive species to ocean acidification scenarios and behavioural 
testing over multiple generations, favorably at different temperature regimes, would be 
valuable in order to predict the fate of fish species and their ecosystems in the future oceans.
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Minute Acetate-buffer/Acetonitrile [%] Acetonitrile [%] 
0 88 12 
60 80 20 
62 60 40 
64 40 60 
66 20 80 
68 0 100 
72 20 80 
74 40 60 
76 60 40 
78 80 20 
80-90 88 12 
 
Additional file 2: Table S2: Protocol depicting the buffer composition throughout HPLC-analysis. Total 
measurement time per sample was 90 minutes. The first column shows the time for onset of the 
respective composition. 
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Compound Boreogadus saida Gadus morhua 
Acetate 3 °C Control CO2  
Acetyl-histidine   
Alanine  3 °C Control CO2 
8 °C Control CO2 
 
Choline 3 °C Control CO2 
8 °C Control CO2 
 
Gamma-aminobutyric acid 8 °C Control CO2  
Glutamine   3 °C High CO2 
Glycerophosphocholine  8 °C High CO2 
16 °C High CO2 
Glutamate  3 °C Control CO2 
16 °C Control CO2 
Glycine 3 °C High CO2  
Lactate   
Myo-inositol   
N-acetylaspartate   
Posphocholine   
Putrescine 8 °C Control CO2  
Succinate  3 °C Control CO2 
Taurine  16 °C High CO2 
Trimethylamine N-oxide 6 °C High CO2 8 °C High CO2 
 
Additional file 3: Table S3: List of treatment groups that violated normality-distribution for the  
respective components. 
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Additional file 4: Figure S1: Boxplots depicting metabolite concentrations (relative to total creatine 
(tCr)) in the brain of Boreogadus saida at different temperatures and CO2 partial pressures. White 
shading indicates control, grey shading high CO2 partial pressure. Each box contains median, first and 
third quartile. Different letters indicate significant differences detected with Tukey HSD post hoc 
analysis (p < 0.05). Metabolites were sorted functionally in accordance with Table 1. 
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Additional file 5: Figure S2: Boxplots depicting metabolite concentrations (s.a.) in the brain of Gadus 
morhua at different temperatures and CO2 partial pressures. White shading indicates control, grey 
shading high CO2 partial pressure. Each box contains median, first and third quartile. Different letters 
indicate significant differences detected with Tukey HSD post hoc analysis (p < 0.05). Metabolites were 
sorted functionally in accordance with Table 1. 
 
 
Additional file 6: Figure S3: Boxplots depicting the amount of 5-Hydroxyindoleacetic acid (HIAA) 
relative to Serotonin (5-HT) in the brain of Boreogadus saida (A) and Gadus morhua (B) quantified with 
HPLC. White shading indicates control, grey shading high CO2 partial pressure. Each box contains 
median, first and third quartile. Different letters indicate significant differences detected with Tukey 
HSD post hoc analysis (p < 0.05). 
 
Additional file 7: Figure S4: Non-metric multidimensional scaling of metabolite/total creatine ratios in 
Appendix   87 
 
 
the brain of Boreogadus saida. Dots indicate individuals with colours representing the respective 
treatment temperature. Blue = 0 °C, green = 3 °C, red = 6 °C, yellow = 8 °C. 
Additional file 8: Figure S5: Non-metric multidimensional scaling of metabolite/total creatine ratios in 
the brain of Gadus morhua. Dots indicate individuals with colours representing the respective 
treatment temperature. Blue = 3 °C, green = 8 °C, red = 12 °C, yellow = 16 °C. 
 
Additional file 9: Rawdata: Available online under 
https://frontiersinzoology.biomedcentral.com/articles/10.1186/s12983-017-0238-5
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Figure 2 A+B: 
 
require(fields) 
R<-8.315 # Ideal gas constant 
T<- 285.15 # Temperature in Kelvin, Figure 2B was calculated with T<-276.15 
F<-96.485 # Faraday constant 
 
Cle<-seq(144, 150, by=0.1) # Extracellular chloride concentration in mM 
Cli<-8 # Intracellular chloride concentration in mM 
HCO3i<-4 # Intracellular bicarbonate concentration in mM 
HCO3e<-seq(10,22, by=0.1) # Extracellular bicarbonate concentration in mM 
PHCO3<-0.3 # Relative permeability of the GABAA-receptor for bicarbonate 








image.plot(HCO3e, Cle, EGABA, xlab="HCO3e [mM]", ylab="Cle [mM]", legend.lab="mV", 
breaks=seq(-87, -60, length.out=65), col=tim.colors(64)) 
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Figure 2 C+D: 
 
require(fields) 
R<-8.315 # Ideal gas constant 
T<- 285.15 # Temperature in Kelvin, Figure 2D was calculated with T<-276.15 
F<-96.485 # Faraday constant 
 
Cle<- 150 # Extracellular chloride concentration in mM 
Cli<-seq(2,8, by=0.1) # Intracellular chloride concentration in mM 
HCO3e<- 10 # Extracellular bicarbonate concentration in mM 
HCO3i<- seq(4,10, by=0.1) # Intracellular bicarbonate concentration in mM 
PHCO3<-0.3 # Relative permeability of the GABAA-receptor for bicarbonate 








image.plot(HCO3i, Cli, EGABA, xlab="HCO3i [mM]", ylab="Cli [mM]", legend.lab="mV", 
breaks=seq(-87, -60, length.out=65), col=tim.colors(64)) 
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Figure 2 E+F: 
 
require(fields) 
R<-8.315 # Ideal gas constant 
T<- 285.15 # Temperature in Kelvin, Figure 2F was calculated with T<-276.15 
F<-96.485 # Faraday constant 
 
Cle<- 150 # Extracellular chloride concentration in mM 
Cli<- 8 # Intracellular chloride concentration in mM 
HCO3e<- 10 # Extracellular bicarbonate concentration in mM 
HCO3i<- seq(4,10, by=0.1) # Intracellular bicarbonate concentration in mM 
PHCO3<-seq(0.1,0.4, by =0.01) # Relative permeability of the GABAA-receptor for bicarbonate 








image.plot(HCO3i, PHCO3, EGABA, xlab="HCO3i [mM]", ylab="PHCO3 / PCl", legend.lab="mV", 
breaks=seq(-87, -60, length.out=65), col=tim.colors(64)) 
  






Species = c("o", "o", "o", "o") #defines the marks on the map 
lat.utm = c(8767759.9, 8898534.2, 8804506.2, 8719638.4) # sampling latitudes 
lon.utm = c( 446833, 521388.4, 449647.1, 551001.3) # sampling longitudes 
df = data.frame(Species, lon.utm, lat.utm) 
 
basemap("svalbard", round.lat = 1, round.lon = 2) + geom_text(data = df, aes(x = lon.utm, y = 
lat.utm, label = Species), color = c("blue", "red", "red", "red"), fontface = 2, size=35.4/72.27*30) 
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7. Eigenständigkeitserklärung nach §6 (5) der Promotionsordnung 
Bremen für die mathematischen, natur- und 
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